In Arabidopsis, the chloroplast NADH-dehydrogenase-like (NDH) complex is sandwiched between two copies of photosystem I (PSI) supercomplex, consisting of a PSI core and four light-harvesting complex I (LHCI) proteins (PSI-LHCI) to form the NDH-PSI supercomplex. Two minor LHCI proteins, Lhca5 and Lhca6, contribute to the interaction of each PSI-LHCI copy with the NDH complex. Here, large-pore blue-native gel electrophoresis revealed that, in addition to this complex, there were at least two types of higher-order association of more LHCI copies with the NDH complex. In single-particle images, this higher-order association of PSI-LHCI preferentially occurs at the left side of the NDH complex when viewed from the stromal side, placing subcomplex A at the top (Yadav et al., Biochim. Biophys. Acta -Bioenerg., 1858, 2017, 12). The association was impaired in the lhca6 mutant but not in the lhca5 mutant, suggesting that the left copy of PSI-LHCI was linked to the NDH complex via Lhca6. From an analysis of subunit compositions of the NDH-PSI supercomplex in lhca5 and lhca6 mutants, we propose that Lhca6 substitutes for Lhca2 in the left copy of PSI-LHCI, whereas Lhca5 substitutes for Lhca4 in the right copy. In the lhca2 mutant, Lhca3 was specifically stabilized in the NDH-PSI supercomplex through heterodimer formation with Lhca6. In the left copy of PSI-LHCI, subcomplex B, Lhca6 and NdhD likely formed the core of the supercomplex interaction. In contrast, a larger protein complex, including at least subcomplexes B and L and NdhB, was needed to form the contact site with Lhca5 in the right copy of PSI-LHCI.
INTRODUCTION
Light reactions of photosynthesis produce ATP and NADPH, which are utilized for CO 2 fixation. Linear electron transport from water to NADP + generates both ATP and NADPH, but does not satisfy the ATP to NADPH production ratio of 1.5 required by the Calvin-Benson cycle (Yamori and Shikanai, 2016) . The additional ATP requirement is satisfied by cyclic electron transport around photosystem I (PSI), which contributes to ATP synthesis without accumulation of NADPH (Munekage et al., 2004) . In angiosperms, including Arabidopsis thaliana, PSI cyclic electron transport is mediated by two different ferredoxin-plastoquinone reductases. The main pathway is sensitive to antimycin A and depends on PROTON GRADIENT REGULATION 5 (PGR5) and PGR5-like Photosynthetic Phenotype 1 (PGRL1) proteins (Tagawa et al., 1963; Munekage et al., 2002; DalCorso et al., 2008; Hertle et al., 2013; Sugimoto et al., 2013) . The minor pathway is mediated by the chloroplast NADH-dehydrogenase-like (NDH) complex (Peltier et al., 2016) . Pseudocyclic electron transport depending on flavodiiron proteins also contributes to the generation of proton motive force . Introduction of the heterologous flavodiiron protein genes isolated from Physcomitrella patens partly complements the function of PGR5/PGRL1-dependent PSI cyclic electron transport in Arabidopsis, although angiosperms have not conserved these genes (Yamamoto et al., 2016) . The presence of the NDH complex in chloroplasts was first noticed by the discovery of 11 ndh genes in the plastid genome (Matsubayashi et al., 1987) . The genes encode homologs of NADH dehydrogenase subunits functioning in respiratory electron transport in bacteria and mitochondria. Although the L-shaped core skeleton is conserved between chloroplast NDH and respiratory NADH dehydrogenase, chloroplast NDH accepts electrons from ferredoxin rather than NADH or NADPH (Yamamoto et al., 2011) . The positively charged pocket of NdhS contributes to electrostatic interaction of ferredoxin with the putative oxidation site of ferredoxin in subcomplex A (SubA) of NDH (Yamamoto and Shikanai, 2013) .
In the respiratory NADH dehydrogenase complex, the L-shaped skeleton is composed of three modules: Q (quinone-binding) and P (proton-pumping) modules correspond to SubA and membrane subcomplex (SubM) of the chloroplast NDH complex, respectively (Peltier et al., 2016) . The N (NADH oxidation) module is absent in the chloroplast NDH complex, which is instead equipped with electron-donor-binding subcomplex (SubE) forming the ferredoxin-binding site on SubA. In angiosperms, the chloroplast NDH complex further contains subcomplex B (SubB) and lumenal subcomplex (SubL; Ifuku et al., 2011) . SubB and SubL have been acquired in the evolution of land plants in this order (Ueda et al., 2012) , and they may be involved in interaction with the PSI supercomplex (PSI-LHCI) consisting of a PSI core and four copies of light-harvesting complex I (LHCI) proteins (Peltier et al., 2016) .
Physiological function of the NDH-PSI supercomplex formation has not been fully understood. Because the chloroplast NDH complex accepts electrons from ferredoxin, the supercomplex formation may contribute to the efficient electron transfer from PSI to NDH. However, NDH activity was not significantly affected in the lhca5 lhca6 double mutant, suggesting that the supercomplex formation is not absolutely necessary for the operation of NDHdependent PSI cyclic electron transport . However, the NDH complex was unstable in the lhca5 lhca6 double mutant, especially at high light intensity . In Synechocystis sp. PCC6803, the NDH-1 complex also interacts with the PSI complex via a linker protein, CPcG2 (Gao et al., 2016) . The structure and origin of the cyanobacterial supercomplex are different from those of the chloroplast NDH in angiosperms. During the evolution of land plants, the Lhca5/Lhca6-dependent supercomplex formation probably became necessary for stabilizing the NDH complex in the severe chloroplast conditions under terrestrial environments.
In Arabidopsis, the chloroplast NDH complex associates with two copies of PSI-LHCI to form the NDH-PSI supercomplex . Minor LHCI proteins, Lhca5 and Lhca6, function as linkers for supercomplex formation, and Lhca6 is required for stabilization of the NDH complex, especially at high light intensity (Peng et al., 2009; Peng and Shikanai, 2011) . The model established by genetics and biochemistry has been confirmed by single-particle analysis under electron microscopy (Kou ril et al., 2014) .
The NDH complex is sandwiched between two copies of PSI-LHCI. In both copies, the arc formed by four LHCI proteins provides the contact site with the NDH complex. Closer inspection of the particle has provided a model, in which the center of LHCI, consisting of Lhca2 and Lhca4, interacts directly with NdhD or NdhF in the left copy of PSI-LHCI and with an inner curve formed by NdhE, NdhB, NdhD and NdhF in the right copy of PSI-LHCI when the NDH-PSI supercomplex is viewed from the stromal side, placing SubA at the top (Kou ril et al., 2014) . One question is the exact positions of the linker proteins Lhca5 and Lhca6. Because an unassigned protein density between the Lhca2-Lhca3 dimer of the left PSI-LHCI copy and the NdhD/NdhB subunits was observed in the single-particle images, this region was assigned to the linker proteins (Kou ril et al., 2014) . However, this model is not supported by the phenotypes of the lhca5 and lhca6 mutants and their double mutant, suggesting that each linker protein intermediates supercomplex formation independently of the other (Peng et al., 2009; Peng and Shikanai, 2011) . Furthermore, the position of SubB, which is specific to the chloroplast NDH complex, has not been assigned in singleparticle image analysis. Kou ril et al. (2014) also did not rule out the possibility that the unassigned region was for the subunits specific to chloroplast NDH. Here, we aimed to determine the positions of Lhca5 and Lhca6 in the NDH-PSI supercomplex. In our working model, the linker proteins may substitute for the major LHCI proteins in the NDH-PSI supercomplex. The model is especially probable between Lhca2 and Lhca6 because of their high sequence and functional similarity (Otani et al., 2017) . It is still possible that each copy of PSI-LHCI contains a full set of major LHCI tetramers and that the linker proteins are outside the LHCI arc, although it is unlikely that the single-particle images support this idea.
RESULTS

Higher-order association of multiple PSI-LHCI copies occurs via Lhca6
In conventional blue-native (BN)-polyacrylamide gel electrophoresis (PAGE), the NDH-PSI supercomplex containing a single copy of the NDH complex and double copies of PSI-LHCI separates out at the top of the gradient gel as Band I . Recently, Yadav et al. (2017) observed the higher-order association of multiple copies (up to five) of PSI-LHCI at the left side of the NDH complex when viewed from the stromal side, placing SubA at the top in single-particle images. To detect these complexes in BN-PAGE, we adopted the large-pore BN-PAGE (lpBN-PAGE) system established by J€ arvi et al. (2011) . In lpBN-PAGE, we observed that several additional bands migrated more slowly than Band I (Figure 1) . Comparison with the results of a protein blot analysis (Figure 2 ) revealed that two bands seemed associated with the NDH complex. The top band may represent the largest NDH-PSI supercomplex associated with six copies of PSI-LHCI in total -five for the left copy and one for the right copy (NDH-PSI 5L1R ). In the lhca5 mutant, the top band was substituted by the new weak band with slightly higher mobility, whereas in the lhca6 mutant all the bands associated with the NDH complex had disappeared (Figure 1 ). Because higher-order association of multiple copies of PSI-LHCI is preferentially observed in the left copy in single-particle images (Yadav et al., 2017) , we propose that the left copy of PSI-LHCI is linked to the NDH complex via Lhca6, whereas the Figure 1 . Separation of multiple types of NADHdehydrogenase-like (NDH)-photosystem I (PSI) supercomplex in the wild-type (WT), and in lhca5, lhca6, lhca5 lhca6 and pnsb2 mutant plants. Protein complexes were solubilized from the thylakoid membrane and then separated by large-pore blue-native-polyacrylamide gel electrophoresis (lpBN-PAGE). The gel was stained with Coomassie brilliant blue. Each protein complex was identified according to the method used in a previous study (J€ arvi et al., 2011) , as indicated by arrows at the left. The high-molecular-mass region is magnified in the right panel with enhanced contrast. Closed triangles indicate three bands that were observed in the WT but not in the mutants. From the top, the bands correspond to NDH-PSI 5L1R , NDH-PSI 2-3L1R , and Band I. Open triangle indicates the band specifically observed in the lhca5 mutant (NDH-PSI 5L ).
[Colour figure can be viewed at wileyonlinelibrary. Thylakoid membrane protein complexes isolated from (a) WT, (b) lhca6, (c) lhca5 and (d) lhca2 plants were separated by large-pore blue-native-polyacrylamide gel electrophoresis (lpBN-PAGE) and then subjected to 12.5% 2D sodium dodecyl sulfate (SDS)-PAGE. The proteins were immunodetected by using specific antibodies to PsaA (PSI core), NdhL (NDH complex) and Lhca1 for all genotypes, and Lhca2 (for WT, lhca5 and lhca6), Lhca3 (for WT, lhca2 and lhca5), Lhca4 (for lhca2, lhca5 and lhca6) and Lhca5 (WT, lhca2 and lhca6). Closed triangles indicate the NDH complex (Band I complex) associated with two copies of PSIlight-harvesting complex I (LHCI) and its higher-order associations (PSI-LHCI 5L1R and PSI-LHCI 2-3L1R ) in WT plants (a). Open triangles indicate the mutant versions of supercomplexes associated with a single copy of PSI-LHCI (PSI-LHCI 1L or PSI-LHCI 1R ) (b-d). Closed triangles with asterisks indicate mutant version of the NDH-PSI supercomplex associated with two or more copies of PSI-LHCI (see text for details). Asterisks indicate split bands of PSI-LHCI in the lhca2 mutant.
[Colour figure can be viewed at wileyonlinelibrary.com] association with the right copy depends on Lhca5. The new band observed in the lhca5 mutant may represent the NDH-PSI supercomplex interacting with five copies of PSI-LHCI preferentially via Lhca6 (NDH-PSI L5 ). Another band associated with the NDH complex migrated between Band I and the top band and likely represented the middle spot detected by antibodies against the NDH-PSI supercomplex (Figure 2a ). This band may represent the NDH-PSI supercomplex associated with two or three copies of PSI-LHCI via Lhca6 (NDH-PSI 2-3L1R ), as observed in single-particle images (Yadav et al., 2017) .
Lhca4 is absent in the partial NDH-PSI 1R supercomplex in the lhca6 mutant Lhca5 intermediates supercomplex formation between the NDH complex and a single copy of PSI-LHCI (Peng et al., 2009) . Lhca5 might substitute for Lhca1, Lhca4 or both in PSI-LHCI, as has been observed in the lhca1 or lhca4 mutant (Lucinski et al., 2006) . The same authors proposed another possibility, namely that Lhca5 is localized to the outside of the Lhca2-Lhca3 dimer. Lhca5 may intermediate the association of the NDH complex with the Lhca2-Lhca3 dimer. It should be possible to test these two possibilities by analyzing the presence of Lhca1 or Lhca4 in the copy of PSI-LHCI interconnected via Lhca5. However, a problem with this analysis is the presence of Lhca1 and Lhca4 in another copy of PSI-LHCI associated with the NDH complex via Lhca6. To solve this problem, we detected LHCI proteins in the lhca6 mutant, in which copies of PSI-LHCI associated via Lhca6 were missing in the partial NDH-PSI supercomplex (NDH-PSI 1R ), as reported previously (Peng et al., 2009) .
In lpBN-PAGE, an NDH subunit, NdhL, was detected mainly in three high-molecular-weight spots in wild-type plants (Figure 2a) . The main spot with the fastest mobility in the BN gel should correspond to the NDH-PSI supercomplex with two copies of PSI-LHCI (the Band I complex). The additional two bands with slower mobility than Band I were also probed with NdhL antibody. This was consistent with our hypothesis that the bands corresponded to the higher-order associations of PSI-LHCI (Figure 1 ). NdhL was also detected as a weak spot at the position with greater mobility than PSI-LHCI (Figure 2a ). This signal probably corresponded to the complex including SubA, SubL and SubE, which was originally discovered in the lhca5 lhca6 double mutant , and was also detected in all the genotypes we analyzed (Figure 2 ). This complex is often detected, even in wild-type plants , and it may be an assembly intermediate or a degradation product of the NDH complex. In the lhca6 mutant, none of the three forms of the NDH-PSI supercomplex was detected (Figure 2b ). Instead, NdhL was detected in the complex with greater mobility in the BN gel than the Band I supercomplex, as reported previously (Peng et al., 2009) . Although PsaA, Lhca1, Lhca2 and Lhca5 were detected at the same position on the gel, this protein complex was unlikely to have contained Lhca4. These results suggest that this partial NDH-PSI 1R supercomplex present in the lhca6 mutant contained a set of LHCIs, except for Lhca4. Most likely, Lhca5 substituted for Lhca4 and formed a heterodimer with Lhca1.
In the lhca6 mutant, more than half of the Lhca5 was detected at the same position as PSI-LHCI, which was free from the NDH complex (Figure 2b ). In contrast, Lhca5 was preferentially detected in the NDH-PSI supercomplex in the wild-type plants (Figure 2b ). Although Lhca5 is not absolutely required for stabilization of the NDH complex in chloroplasts , it seems also to be a specific component of the NDH-PSI supercomplex, as does Lhca6.
Lhca2 is absent in the partial NDH-PSI 1L supercomplex in the lhca5 mutant Because of the sequence similarity between Lhca2 and Lhca6 (Otani et al., 2017) , Lhca6 may substitute for Lhca2 in the NDH-PSI supercomplex. Alternatively, Lhca6 may be localized to the outside of the intact LHCI arc consisting of Lhca1 to Lhca4 to intermediate supercomplex formation. These two possibilities can be tested by determining whether Lhca2 is present in the copy of PSI-LHCI linked via Lhca6. However, one problem is the presence of Lhca2 in another copy of PSI-LHCI linked via Lhca5. To solve this problem, we detected LHCI proteins in the partial NDH-PSI 1L supercomplex in the lhca5 mutant (Figure 2c) . NdhL was detected mainly in three high-molecular-weight protein complexes. The main spot with the greatest mobility in the BN gel likely corresponded to the partial NDH-PSI supercomplex associated with a single copy of PSI-LHCI, as reported previously (Peng et al., 2009) . In this NDH-PSI 1L supercomplex, three LHCI proteins -Lhca1, Lhca3 and Lhca4 -were detected, as was PsaA, but Lhca2 was absent (Figure 2c ). This result indicated that Lhca6 substituted for Lhca2 and formed a heterodimer with Lhca3.
Previously, we reported that Lhca5 is not absolutely necessary for maintenance of the NDH-PSI supercomplex with two copies of PSI-LHCI (Peng et al., 2009) . Consistent with this observation, two spots with slower mobility than the main spot were detected at the positions of Band I and NDH-PSI 5L (Figure 2c ). On the basis of our conclusion here, later we will discuss the nature of the NDH-PSI supercomplex that migrated to the Band I position in the lhca5 mutant.
Lhca6, rather than Lhca2, stabilizes Lhca3 in the NDH-PSI supercomplex
In PSI-LHCI, Lhca2 forms a heterodimer with Lhca3 and is essential for the stabilization of Lhca3 (Ganeteg et al., 2001 ). In our model, Lhca6 substitutes for Lhca2 in the NDH-PSI supercomplex. If this was the case, Lhca6 -not Lhca2 -would stabilize Lhca3 in the NDH-PSI supercomplex. To test this possibility, we characterized the lhca2 mutant, in which a T-DNA was inserted into the promoter region of the Lhca2 gene (GK-511-C01). Reverse transcriptase-polymerase chain reaction (RT-PCR) did not detect any Lhca2 transcripts in the line, suggesting that the mutation yielded almost a null allele ( Figure S1a) . Consistent with this observation in RNA, Lhca2 protein was below the detection limit in the lhca2 mutant, although plants heterozygous for the Lhca2 locus accumulated the wildtype level of Lhca2 protein ( Figure S1b) . Consistent with the findings of previous reports (Ganeteg et al., 2001) , the Lhca3 level was reduced to approximately 25% of the wild-type level, although accumulation of Lhca1, Lhca4, Lhca5 and PsaA was not affected (Figure S1b ).
In the lhca2 mutant, the band of PSI-LHCI free from NDH was split into two bands because of the absence of the Lhca2-Lhca3 dimer (Figure 2d ). Both bands were probed with antibody against PsaA, but only the band with lower mobility in the BN gel was detected by antibodies against Lhca1 and Lhca4 (Figure 2d ). The band with lower mobility was the partial PSI-LHCI including the Lhca1-Lhca4 heterodimer, and that with higher mobility was the PSI core without any LHCI proteins. Because a band probably corresponding to the Lhca1-Lhca4 dimer was detected, this heterodimer may have detached from the PSI core during solubilization of the thylakoid membrane or BN gel electrophoresis. Lhca3 was probably detected mainly as a monomer in the BN gel, and only a trace level of protein was detected at the position of PSI-LHCI free from NDH.
As in the lhca5 mutant, NdhL was detected in three spots at the high-molecular-weight position in the lhca2 mutant (Figure 2d ). The two spots with slower mobility in the gel likely corresponded to NDH-PSI supercomplex interacted with two copies of PSI supercomplex and its higher-order forms. The instability of PSI-LHCI in the lhca2 mutant indicated that the Lhca2-Lhca3 heterodimer was most likely dissociated from a copy of PSI-LHCI associated via Lhca5. Although Lhca3 was destabilized in PSI-LHCI free from the NDH complex, Lhca3 was detected in these two spots. In the NDH-PSI supercomplex, Lhca6 substituted for Lhca2 and stabilized Lhca3 in the lhca2 mutant. However, this was not the case in PSI-LHCI free from the NDH complex. The spot with the highest mobility at the high-molecular-weight position likely corresponded to the partial NDH-PSI supercomplex lacking the single copy of PSI-LHCI associated via Lhca5. This NDH-PSI 1L was the same complex as that observed in the lhca5 mutant, but originated from the middle spot complex with an intact left copy but with a partial right copy without the Lhca2-Lhca3 dimer. The right copy may have been easily dissociated from the NDH complex.
SubB, SubL and NdhB are necessary for Lhca5 binding to the NDH complex
In single-particle images, the docking sites of the NDH complex with PSI-LHCI are assigned to NdhD/F in the left copy and NdhB/D/F in the right copy (Kou ril et al., 2014) . However, this pseudo-atomic model was constructed by fitting the electron microscopy images to the crystal structure of complex I from Thermus thermophilus. The contribution of the chloroplast-specific subcomplexes SubB, SubL and SubE to supercomplex formation was ignored in this model. In fact, we recently proposed that the contact site of NDH with Lhca6 was SubB on the basis of the discovery of the assembly intermediate including SubB subunits and Lhca6 (Kato et al., 2018 ). In the current study, we focused on assembly intermediates or degradation products accumulating in the mutants to specify the minimum protein complex that could interact with Lhca5. To this end, we used conventional BN-PAGE rather than lpBN-PAGE (Figure 3) . In wild-type plants, Lhca5 was detected at the position of Band I with PnsB1 (SubB), NdhL (SubA) and PsaA (Figure 3a) . SubA is dispensable for the accumulation of other subcomplexes (Peng et al., 2009) , except for some SubE subunits (Yamamoto et al., 2011) . In the ndhl mutant defective in the accumulation of SubA, other subunits were assembled to the complex associated with two copies of PSI-LHCI, which was detected as Band II in BN-PAGE . Consistent with our previous observations (Peng et al., 2009 ), PnsB1 and PnsB2 (SubB) and PnsL4 (SubL) were detected in this Band II complex, but NdhT (SubE) was detected as a free protein (Figure 3b) . Lhca5 was also detected in the Band II complex, suggesting that SubA and SubE are not required for the binding of Lhca5.
In the absence of SubL, the accumulation of other subcomplexes was affected more severely than in the SubA mutants, but we could still detect the low-level accumulation of assembly intermediates or degradation products in the SubL mutants (Peng et al., 2009) . In the pnsl1 mutant, two protein complexes including SubB subunits (PnsB1 and PnsB2) were detected (Figure 3c ). NdhL and NdhT were not detected in these complexes, suggesting that SubA and SubE did not interact with SubB in the absence of PnsL1 (SubL). In the mutant, Lhca5 was detected in major PSI-LHCI free from NDH, but not in larger complexes including SubB (Figure 3c ). PnsL1 (SubL) was necessary for the interaction of Lhca5 with the NDH complex.
The crr2-2 mutant is defective in an RNA-binding protein that is needed for translation of the chloroplast ndhB gene because it assists with RNA maturation (Hashimoto et al., 2003) ; this mutant was used as a mutant defective in SubM accumulation. The detection of NDH subunits at the Band I position was probably due to the leaky translation of ndhB in the crr2-2 mutant (Figure 3d ). Consistently, this Band I complex also included a trace level of Lhca5, but the majority of the Lhca5 was detected in the major PSI-LHCI free from NDH (Figure 3d ). PnsB1 and PnsB2 were also detected in the protein complex, which did not contain PnsL4, NdhL or NdhT. This was probably an assembly intermediate including SubB subunits (Kato et al., 2018) and did not contain Lhca5.
In the pnsb2 mutant, NdhL and NdhT were detected in an assembly intermediate or a degradation product, which migrated faster than PSI-LHCI in BN-PAGE (Figure 3e ). PnsL4 was also detected at the same position in the pnsb2 mutant and the pnsb5/ndh18 knockdown line in our previous study (Peng et al., 2009) , although in our current study the signal was close to the detection limit (Figure 4e) . SubL, SubA and SubE can be assembled in the absence of PnsB2, but Lhca5 was not detected in this SubL-SubASubE complex, suggesting that SubB was also necessary for the interaction between Lhca5 and the NDH complex. To summarize the results in Figure 3 , SubB, SubL and NdhB in SubM are required for Lhca5 binding to the NDH complex.
NdhD is essential for the stabilization of SubB
Previously, we detected an assembly intermediate or degradation product including SubB subunits and Lhca6, and proposed that the site of interaction of NDH with Lhca6 was SubB (Peng et al., 2009 ). This idea was strongly supported by our recent discovery that an assembly factor, CRR3, was required for the formation of an assembly intermediate including SubB subunits, PnsL3 and Lhca6 (Kato et al., 2018 ). In the single particle images, however, both copies of PSI-LHCI look to be directly associated with SubM subunits. The question therefore arises as to the position of SubB for supercomplex formation via Lhca6. To address this question, we focused on our previous findings that SubB was severely destabilized in the crr4-3 mutant (Peng et al., 2009; Armbruster et al., 2013) , in which expression of the ndhD gene was impaired because of a defect in RNA editing that created the translational initiation codon of ndhD (Kotera et al., 2005) . Further to elucidate the contribution of each SubM subunit to SubB stabilization, we analyzed SubB accumulation in mutants defective in SubM subunits (Figure 4) . Because SubM subunits are encoded by the plastid genome, we analyzed mutants defective in the expression of specific plastidencoded genes. In addition to crr2-2 and crr4-3 (defective in the expression of the ndhB and ndhD genes, respectively), we characterized the sig4-10 mutant defective in transcription of the ndhF gene (Favory et al., 2005) . For comparison, we included a series of SubB mutants, crr3, pnsb1/ndf1/ndh48, pnsb2/ndf2/ndh45, pnsb5/ndh18 and pnsl3 (Peng et al., 2009; Sirpi€ o et al., 2009; Takabayashi et al., 2009; Suorsa et al., 2010; Yabuta et al., 2010) . CRR3 is an assembly factor for SubB (Kato et al., 2018) , whereas
NdhT Figure 3 . Analysis of assembly intermediates or degradation products including Lhca5 in mutant backgrounds. Thylakoid membrane protein complexes isolated from (a) wild-type (WT), (b) ndhl, (c) pnsl1, (d) crr2-2 and (e) pnsb2 plants were separated by bluenative (BN)-polyacrylamide gel electrophoresis (PAGE), and then subjected to 2D sodium dodecyl sulfate (SDS)-PAGE. The proteins were immunodetected by using their specific antibodies (indicated at the right of the panels). Closed triangles indicate Band I NADH-dehydrogenase-like (NDH)-photosystem I (PSI) supercomplex. Open triangles indicate Band II NDH-PSI supercomplex in (b) and the assembly intermediates or degradation products detected in each mutant. Red asterisk indicates a non-specific signal. [Colour figure can be viewed at wileyonlinelibrary.com] the other mutants are directly defective in the genes encoding SubB subunits. PnsL3 was originally categorized into SubL because of its similarity to PsbQ, but its mutant phenotype was more similar to that of SubB mutants than that of other SubL mutants (Yabuta et al., 2010; Kato et al., 2018) . The stability of each SubB subunit depended on the accumulation of other subunits in the same subcomplex (Figure 4 ). An exception was PnsB1, which was not the core subunit of SubB; its defect had a fairly mild impact on the accumulation of other SubB subunits, although the accumulation of PnsB1 depended on other SubB subunits, along with PnsL3 ( Figure 4) . As reported previously (Peng et al., 2009; Armbruster et al., 2013) , SubB subunits were severely destabilized in the crr4-3 mutant defective in NdhD synthesis. The impact on SubB accumulation was much milder in crr2-2 and sig4-10, which are defective in NdhB and NdhF accumulation, respectively (Figure 4) . Because each mutation affected the process of plastid gene expression, the different impacts on SubB accumulation may be explained by whether or not the process was absolutely necessary for gene expression. However, the accumulation of NdhL (SubA) was more mildly affected in crr4-3 than in crr2-2 (Figure 4) , as reported previously (Munekage et al., 2004) . In terms of the cross-dependency of accumulation, NdhD should be categorized into the same group as the SubB subunits, as should PnsL3. In summary, from our results and previous ones (Peng et al., 2009; Kato et al., 2018) , we hypothesize that SubB intermediates the connection between Lhca6 and NdhD, which is stabilized by PnsL3 from the lumenal side, consequently contributing to NDH-PSI supercomplex formation of the left copy of PSI-LHCI.
DISCUSSION
The chloroplast NDH complex is sandwiched between two copies of PSI-LHCI via two linker proteins, Lhca5 and Lhca6. Multiple copies of PSI-LHCI are associated with the left side of the NDH complex (Yadav et al., 2017) . This higher-order association depends on Lhca6 but is not affected in the lhca5 mutant, as observed in the mobility results of lpBN-PAGE (Figure 1) . Mainly on the basis of this observation, we propose that the left copy of PSI-LHCI, viewed from the stromal side, placing SubA at the top, is linked to the NDH complex via Lhca6, whereas the right copy is linked via Lhca5 ( Figure 5 ).
Close inspection of the pseudo-atopic model suggests that, in the left copy of PSI-LHCI, Lhca2 is the most important contributor to binding to the NDH complex (Kou ril et al., 2014) . In our present model, however, this role was played by Lhca6, not by Lhca2 ( Figure 5 ). In the NDH-PSI supercomplex, Lhca3 forms the heterodimer with Lhca6 but not with Lhca2 ( Figure 5) . Recently, we showed that Lhca6 interacted with the assembly intermediate including SubB subunits and an assembly factor, CRR3, prior to the full assembly of the NDH complex (Kato et al., 2018) . Because the chloroplast NDH complex is fully assembled in the lhca6 mutant, the complex can be assembled not via this assembly intermediate (Peng et al., 2009) . But the assembly through this intermediate is probably necessary for the NDH-PSI supercomplex formation by stabilizing the Lhca3-Lhca6 heterodimer by sandwiching it between SubB and the PSI core ( Figure 5 ). Because the NDH-PSI supercomplex formation is necessary for stabilizing the NDH complex , this assembly step became necessary during the evolution of angiosperms.
At the shoulder of the Lhca3-Lhca6 heterodimer, an unassigned protein density was observed; this has been proposed as the position of Lhca5 and Lhca6 (Kou ril et al., 2014) . However, our results do not support this idea. Most probably, this protein density represents SubB, which is specific to the chloroplast NDH complex. This is consistent with our previous proposal that SubB is the site of contact with a copy of PSI-LHCI via Lhca6 (Peng et al., 2009) , and with the discovery that SubB and Lhca6 form the assembly intermediate (Kato et al., 2018) . We also found that the stability of SubB subunits was more seriously affected by the absence of NdhD than by the NdhB or NdhF Figure 4 . The crr4-3 mutant is severely defective in the accumulation of subcomplex B (SubB) subunits. Accumulation of SubB subunits, along with PnsL3, was analyzed in the wild-type (WT), and in mutants defective in SubB or membrane subcomplex (SubM) accumulation. Thylakoid membrane proteins were standardized on a chlorophyll basis and loaded on to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). NdhL was detected to monitor the impact on the accumulation of subcomplex A (SubA). Cytf was detected as a loading control. The background of the sig4-10 mutant was Wassilewskija, whereas that of the other mutants was Col-0 or Col gl1.
defect (Figure 4 ). This is consistent with the pseudo-atomic model, in which NdhD most closely interacts with Lhca6 and SubB (Kou ril et al., 2014) . We hypothesize that Lhca6, SubB and NdhD form the core of supercomplex formation in the left copy. We also propose that PnsL3 stabilizes this interaction from the lumenal side (Kato et al., 2018) .
On the basis of the analysis of a series of mutants defective in NDH subunits, we could not sufficiently narrow down the binding site of Lhca5 in the NDH complex. However, at least SubB, SubL and NdhB were necessary to detect Lhca5 in the assembly intermediates or degradation products (Figure 3 ). In the pseudo-atomic model, the closest interaction is suggested to be between Lhca4 and NdhB (Kou ril et al., 2014) . In the present work, we propose that Lhca5 substitutes for Lhca4 in the right copy of PSI-LHCI. Because an antibody to NdhB was not available, we could not evaluate the dependency of other subcomplexes on the stability of NdhB. However, we speculate that SubB and SubL are necessary for the binding of Lhca5 via the stabilization of its putative binding site, NdhB. It is also probable that SubB stabilizes NdhB secondarily by affecting the stability of NdhD. The advanced technology of cryo-electron microscopy may clarify the fine structure of the NDH-PSI supercomplex near future.
In our model, Lhca5 substitutes for Lhca4 in the right copy of PSI-LHCI ( Figure 5 ). This is inconsistent with the fact that NdhL was still detected at the position of the Band I complex (Figure 2c ). Previously, we concluded that Lhca5 was not absolutely necessary for accumulation of the NDH-PSI supercomplex with two copies of PSI-LHCI (Peng et al., 2009) . However, we are aware of the presence of multiple copies of PSI-LHCI in the left copy in some forms of the NDH-PSI supercomplex. It is possible that the lhca5 defect may have generated a partial NDH-PSI L2-3 supercomplex that migrated at the position of Band I. It would be reasonable to consider that Lhca5 and Lhca6 are independently and absolutely required for supercomplex formation of the right copy and the left copy, respectively.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis thaliana wild-type (Col-0 or Wassilewskija) and mutant plants were grown in soil in a growth chamber (50 lmol photons m À2 sec À1 , 16 h photoperiod, 23°C) for 3-4 weeks. The dSpm transposon was inserted into Lhca6 (N120550), whereas T-DNA was inserted into Lhca2 (GK-511-C01) and Lhca5 (SAIL_682_F10).
RT-PCR
Expression of Lhca2 was analyzed by RT-PCR in the lhca2 mutant. Total RNA was prepared from rosette leaves by using an RNeasy plant mini kit (QIAGEN, https://www.qiagen.com). Contaminating DNA was digested with DNase I. Total RNA was reverse transcribed with random hexamers by using ReverTra Ace (Toyobo, http://www.toyobo-global.com). Primer sets were as follows: for Lhca2, 5 0 -AGGTCAACAACGTCGAGAATAATGG-3 0 and 5 0 -GGAACCTTAATTTGCATTCGACCAC-3 0 ; and for ACT8, 5 0 -GAGA-GATTCAGGTGCCCAG-3 0 and 5 0 -AGAGCGAGAGCGGGTTTTCA-3 0 .
RT-PCR products were separated on a 1.4% agarose gel and detected by ethidium bromide staining.
Thylakoid protein isolation, sodium dodecyl sulfate (SDS)-PAGE and immunoblot analyses
Leaves from 3-4-week-old plants were homogenized on ice in a blender in 0.33 M sorbitol, 20 mM Tricine -KOH (pH 8.4), 5 mM EGTA, 2.5 mM EDTA and 10 mM NaHCO 3 . The homogenate was filtered through two layers of Miracloth and was centrifuged at 4800 g at 4°C for 5 min to obtain chloroplasts. The pellet was resuspended in 20 mM HEPES -KOH (pH 7.6), 5 mM MgCl 2 and 2.5 mM EDTA to rupture the chloroplasts. Thylakoid membranes were isolated by centrifugation at 10 000 g at 4°C for 2 min. Isolated thylakoid proteins were separated by SDS-PAGE, then transferred to a polyvinylidene difluoride membrane. The antibodies indicated in each figure and the text were used to detect the thylakoid proteins.
lpBN-PAGE and 2D-SDS-PAGE
Blue-native-PAGE, lpBN-PAGE and 2D-SDS-PAGE were performed as described previously J€ arvi et al., 2011) . In BN-PAGE and lpBN-PAGE, thylakoid membranes were dissolved on ice for 10 min in 25 mM BisTris-HCl (pH 7.0) containing 20% (w/v) glycerol and 1.0% (w/v) n-dodecyl-b-D-maltoside (b-DM). The concentration of chlorophyll was adjusted to 1.0 mg mL
À1
, and thylakoid membrane proteins equivalent to 10 lg of chlorophyll were loaded on the gradient gel. Lhca6 substitutes for Lhca2 in the left copy of PSI-light-harvesting complex I (LHCI), whereas Lhca5 substitutes for Lhca4 in the right copy. This model is a view from the stromal side. An unassigned protein density at the shoulder of the Lhca3-Lhca6 heterodimer was observed previously (Kou ril et al., 2014) , and most likely represents subcomplex B (SubB). Higher-order association of multiple copies of PSI-LHCI occurs specifically via the left copy of PSI-LHCI, including Lhca6. [Colour figure can be viewed at wileyonlinelibrary.com]
